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NEW 2EALAND 
PATENTS ACT 13S<* 
COMPLETE SPECIFICATI ON 

METHOD FOR DETERMINING PHYSICAL PROPERTIES 

I / WE - THE BRITISH PETROLEUM COMPANY p. I.e., 

Britonnic House, Moor Lane, London EC2Y 9BU, 
ENGLAND, o British company, 

hereby declare the invention, for which^We pray that a 
patent may be granted toj^/us. and the method by which it 
is to be performed, to be particularly described in and by 
the following s t a t ei^V^T 
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MsiacD tor Dgnsammn physical pa -j imw .i ^ 

This Invention rentes to a method for non-mtruaivelY 
determining the physical properti es of j-aterial ln„a mill during 
size reduction operations CocndSaSm)".""" ' ' ^ 

Comminution of solid materials, particularly minerals is a 
frequently performed operation. For instance, sane mineral ores are 
crushed and ground prior to extraction of the metal, pigments before 
addition to paints, and coal is similarly treated prior to 
oomb^tlon 1* large scale industrial furmoes. B^uipaent used 
during comminution is generally classified in three categories 
coarse mills such as Jaw crushers, intermediate mills such as disc 
crushers and hammer mills, and fine mills such as roller mills tall 
ro1 1 1 s and rod mills. 

Crushing and grinding are energy intensive processes. It has 
been estimated that they consume about m of the world's energy 
output, m minerals processing, comminution is by far the largest 
operating cost. For example, in a survey of a number of Canadian 
copper concentrators, it was found that the average newer 
consumption in KWh/tonne was 2.2 for crushing. 11.6 for grinding and 
2.6 for flotation. 

Commercial mills are usually indirectly controlled by sampling 
the ground material and measuring the slurry density or the 
viscosity off-line. This approach, is unsatisfactory because the 
plant is controlled by out of date information. 

For batch milling a direct, real-time measure of the particle 
size distribution is desirable for optimum griming. 
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It would be advantageous to provide this information on-line 
and In real time. 

Sound is generated during comminution. This Is usually 
considered to be an undesirable attribute of these processes. 

Ve have now discovered that the frequency distribution of mill 
sound (acoustio frequency distribution) can be related to the 
gggggig of the material being milled and thus an awarent 
disadvantage can be turned to a positive benefit. 

rnus. aocoixiing to the present Invention there Is provided a 
non-intrusive method for the determination of the value of a 
physical property of the material within a mill during the 
comminution of solid material within the mill which method comprises 
the steps of: 

Ca) detecting the acou^tlo^freguj^^ of M nn~t by 

15 ^3_o£a^aund^r^yoer. e.g.^M^p^TSe~ou^ut from 

which is an analogue electrical signal, the intensity of which 
is proportional to the intensity of sound received by the 
transducer in the audio frequency range, 
00 converting the analogue signal to a digital signal 
20 (c) passing the digital signal through a digital barxi-psss mter 
to select at least two frequency bands, 
(d) averaging the power la each band for a specified period of 
time, and 

Ce? analysing the acoustic power In the bands by means of a 
' multivariate statistical technique to obtain the value of the 

property. 

if necessary, the analogue electrical signal can be amplified 
ard/or passed through a band-pass filter to move frequencies 
above, say. 10 KHz to prevent aliasing, and below, say. 50 Hz to 
remove spurious low frequency signals. 

The digital band pass filter Is preferably capable of selecting 
from two to twenty four desired frequency hands. 

The properties which ray be determined include those variables 
which fully characterise the material In annill. namely, the 
particle size distribution of the solid partlcles^nxf--4en vet^- 

o /'v 
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milling Is employed, the pulp density (solid : liquid ratio) and the 
pulp volume (volume of solid and liquid). Other parameters of 
interest may he calculated from these. 

Suitable multivariate statistical techniques are the methods of 
principal components analysis (PC) and partial least squares (PLS). 

PC analysis is a numerical technique which allows multivariate 
data to be displayed in two dimensions for ease of interpretation. 
The PC's are vectors which are linear combinations of the original 
features and take the forra:- 

Y J " A l J x l +A 2 jX 2 + + AnjX n 

where Yj - jth principal component 

- feature 
Anj - coefficient 

The PC's are all. orthogonal and equal in number to the measured 
features. The coefficients of the vectors are calculated so that 
most of the variance in the data is expressed in the first few PC's 
whilst the relative magnitude of the coefficient reflects the 
discriminatory power of the original features. By transforming the 
data using equations of the above type the data may be plotted in a 
low dimensional form. 

PLS analysis allows the relationship between sets of data 
(which are related or where it is expected that a relationship 
exists) to be emplricially modelled. Two 'training sets' of data 
(in this case particle size distention and AS (Aooustio Bnission) 
frequency distribution) are used to generate the model. Having 
developed the modal, validation is carried out. 'Test sets' of 
data, acquired under the same conditions but not used to build the 
model, are then input. Where actual values are known, the errors 
between these and the values generated are used to validate the 
accuracy of the model's predictions. If one set is unknown PLS is 
able to predict values from knowledge of the other, using the 
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For more details of the statistical methods which may be used 
see for example the textbooks ; "MDUIVARIATE ANALYSIS " Void H 
Academic Press, New York, 1966. Kriishnalah, p.r. (m.) and Sharaf 
M.A, ITbnan, D.L and Kowalski, B.R, "CHECHETRICS " , John Wiley and 
Sons inc. New York. 1986. (Hiving. P.J. . winef ordener . J.D, and 
Kolthoff , i.m. , eds) 

The method is applicable to any type of milOdn* machin* 
Eluding batch machines and continuous machines where mill 
efficiency Is influenced by the amount and particle size 
distribution of the feed material, it is particularly suitable for 
use with ball mills. 

It provides means for determining on-line and non-lnvasively 
particle size distributions, pulp densities and pulp volumes Ln near S 
"real tine". ' 



The invention is Illustrated with reference to Figures 1 to 16 
of the accompanying drawings and the following Examples. 

Figure 1 is a schematic diagram of apparatus for use in the 
method according to the present invention. 

Figures 2 to 16 are diagrams showing respectively 
20 2- the ahange_in I^Uc^ze di^tritation during experiment 

6. 

3 - the change in spectoa during experiment 6 

4 - the normalised start and finish spectra from experiment 8 

5 - changes made in pulp volume and pulp density during 
25 experiment 1 """"""""" 

6 - changes in spectra during first 50 minutes of experiment 1 f 

7 - changes in spectra during experiment 1 ! 

8 - changes made in pulp volume and pulp density during ! 
experiment 4 j 

30 9 - changes in spectra during experiment 4 • * 

10 - PC plot of acoustlo data from experiments 1-5 

11 - PLS plot of predicted and measured pulp volume and % sand \ 
for 10 randomly selected test samples. 
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12 - Pl£ plot of predicted and measured particle size values (% 
under by mass) for 10 randomly selected test samples. 
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13 - fls predicted and measured particle size values (% under 
w/w) for 10 randomly selected test samples 

14 - particle size charge during continuous mining 

15 - specific gravity change during continuous milling 

16 - selected acoustic spectra changes durjng continuous 
milling 

With reference to Figure 1 , sharp sand was ground in a batch 
British Rema 0.61 m diameter x 0.92 ra length hall ™m i driven by 
an electric motor 2. The grinding medium was 16 ran diameter steel 
balls, fillip (including voids) about 40% of the ™ni volume. 

The sound intensity of grinding was picked up by a flat 
frequency response aixUo-ndcrophme 3. This had a Bruel and Kjaer, 
Type 4165 cartridge and a Type UA0308 dehumidifier ard was mounted 
in a fixed position close to the mill. It had a flat (± ldB) 
frequency response up to 10 KHz. 

Electrical signals from the microphone were amplified using a 
Hhomicron Instruments HAPS 1 preamplifier 4. 

The amplified signals were then analysed by a third octave 
analyser 6 (Data Beta, EBDIO-IO). This comprises an 
analogue- to-digital converter 7 front-^nied with a 12.5 ZHz low pass 
anti-aliasing filter 5, a digital harri-pass filter 8, a oentral 
processing unit (CPU) 9 am an RS-232 serial line Interface 10. The 
band-pass filter uses a series of digital filters to divide the 
region 50 Hz to lCKHz into 24 bands. The oentre frequencies of 
these tends are listed in Table 1. The analyser averages the power 
in each of these bands for a specified period. In all cases 10 
seconds averaging times were used . 

The system is controlled by an IBM PC-AT computer 11 Mrfct* to 
the serial line 10 by means of a cable 12. 

Frequency data was analysed using a multivariate statistical 
technique implemented on the microcomputer ll. 

Batrih nn n T g Experiments 1^6 

The batch mill described with reference to Figure 1 was used. 
The charge used in these experiments was sharp sand. In order to 
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investigate the widest range of milling conditions experiments were 
carried out in which the pr.ip density and volume were altered 
according to an experimental design. Table 2 shows the initial, 
intermediate and final conditions for each of the experiments. 

For example, m experiment 1. the mill was filled to the 120* 
level (100* full is defined as completely fillip the voids between 
the balls) with a sharp-sand/ water mixture (sard 40* by volume). As 
the milldng progressed the mill, was stopped at 8 minute intervals 
and a measured volume of pulp was removed from the mill. This 
effectively reduced the volume while not af; • >ting the density On 
reaching a pulp volume of 90*. aliquots of water were added to the 
mill, with the effect of increasing the pulp volume and reducing the 
pulp density (eventually to 119* 0 25% respectively). The 
experiment was concluded with the addition of unground sharp sand to 
the mill, to introduce a bimodal distribution in the particle size 
and the contents were milled for a further 33 minutes (final pulp ' 
volume and density were 92% fif 40* respectively) . In the eth 
experiment only very small samples of pulp vex* removed so that the 
pulp density and volume were held effectively constant. This 
experiment was designed to study the effects of particle size only. 
Milling conditions In experiment 6 (in terms of ball charge and mill 
rotation speed) were different to the conditions in experiments l to 
5. For this reason the results of experiment 6 were not used as 
part of the 'PLS model training set' described later. 

The samples of slurry removed from the mill were used to 
estimate the particle size distribution and pulp density. Particle 
size measurements were made using a combination of sieving, for 
particlo diameters ranging from 123 to 1000 microns, and a "Malvern 
(laser diffraction) slzer for sub-123 micron particles. Percentage 
underslze by weight was determined for 12 particle diameters (lOCO 
500. 250. 125. 87.2. 53.5. 28.1. 16.7. 10.1. 6.2. 3.8 and 1.9 
microns) . 



Analysis of Acoustic Si gnals 

The relationships between the acoustio emission frequency 



distribution to the particle size distribution, pulp density and 
volume were explored using two multl-vaxlate statistical techniques; 
principal components analysis and partial least squares ^on^ 
(PC and PLS) . 



Effect of mrticle di stribution 

The particle size distribution in the mill mainly Influences the 
overall amplitude of the acoustlo emission. As the particle size is 
reduced the acoustlo emission increases in amplitude. This increase 
is more pronounced in the higher frequency bands. This la 
illustrated by the results from experiment 6 in which the pulp 
volume and density were held constant (Figure 2) and the particle 
size decreased with time. As comminution progressed acoustic power 
iJicreased across the whole of the frequency range (Figure 3). 

The peas acoustlo power retains in bard 6 (3.1XHS) throughout 
the experiment, however the distribution becomes skewed towards 
higher frequencies (Figure 4). 

Audio noise produced by a ball mill appears to be largely due 
to collisions between the balls and between w»n» and the mill 
User. The presence of mineral particles redtioe the impact velocity 
of the balls, the larger particles having the greater effect. 

Effect of -pulp volume 

Changing the volume of material in the mill has two effects on the 
acoustlo frequency distribution. Firstly, as the volume is 
increased the overall emission intensity decreases. Secondly, the 
acoustlo power shifts to lower frequencies. 

The results obtained from experiment 1 illustrate these 
trends. In the fl ~st stago of the experiment (0-50 min) the pulp 
volume was changed from 120% to 80% (Figure 5). 

As the pulp volume was reduced the amplitude of the acoustic 
spectrum increased rapidly (Figure 8). This is due to a combination 
of comminution of the sand (particularly fast, in terms of particle 
diameter, in the early stages of milling) and the reduced damping 
effect as pulp is removed from the mill. At 120% capacity, the peak 
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power Is in ha.-* 10 (1.25 KHz). As the pulp volume 1* decreased the 
peak power shifts to higher frequences. At ICO* full, peak power 
was in Land 6 (S.lSKHz). ReducJxg the pulp volume below 100% 
increases ^ ^ ai^litu<ie of the emissions and has no further 
effect on the peak power frequency (Figure 7). 

Effect of pulp density 

increases in the pulp density cause the amplitude of the aooustio 
spectrum to decrease but have a less pronounced effect on the 
frequency distribution. The relationship is complex. This is 
Airther complicated by the fact that pulp density changes are 
aoccmpaniad by changes In volume and progressive ocraoinution 

^ese effects are shown i^ figures a aad 9. Between 40 and 70 
minutes the pulp density was reduced from 50% to 36* by adding, at 
five mixtute intervals, aliquots of water, thereby i^creasi^ the 
pulp volume from 92% to 11£*. The reduction in acoustic emission 
power which normally accompanies decreasing volume in the mill 
(compare Figure 9 9 6) is. in this case, opposed by the effects of a 
decreasing pulp density. Therefore one may conclude that lowering 
the pulp density increases the aooustio emission amplitude 
Quantitative correlation i* ~ lgnal M „ 

Principal components analysis was used to investigate the 
multivariate aooustio emission data. Sixteen aooustio features were 
selected, where features 1 to IS corresponded to the power in each 
of the 3rd octave bands shown in Table 1. The 16th feature was a 
combination of the remaining a (312 to 49Hz) tMxd octaves Figure 
10 shows how the aooustio data collected from batch experiments 1 to 
5 was distributed. The numbers represent individual power spectra 
obtained at different times during the batch experircnt. Principal 
component (PC) 1. which accounts for most of the variance In the 
data, is a measure of the amplitude of the acoustic emission PC 2 
is a measure of the mean frequency of the signal. The change in 
direction at the top of the plot corresponds to a reverse in 
frequency shift direction and is associated with lower aooustio 
35 power conditions. This suggests that for quantitative analysis 
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ideally, two models should be use! to cover the full range of mil 
operating conditions. 

PLS mnriPlHry /md ran^ ion of results 
5 The data obtain from these experiments were amlycad by PLS a 
nKxiel was developed to relate the 16 varices to the acoustic data 
set to the 14 variables in th* milling data set (12 particle 
dimeters, pulp volume and pulp density). A total of TO samples «,«, 
used to build the PLS model which laflaw the htoodal distrtovtioa 
10 data aooui^ed to the latter stages of each experiment. A further 10 
samples (randomly sampled from batch experiments 1 to 8). none of 
vhich had been used to the itoiel ^Hiding stage, were selects to 
validate the performance of tho model. 

A comparison of the PLS predictions of the puln volume, -ulp 
15 density and the measured particle size distribution 'are shown' 

graphically to Figures 11-13. Figures 11 and 12 shown ten particle 
size distortions for particle diameters rangtog from 250 to 1 9 
microns. (The Jototog of the points on these graphs has no 
mathematical significance and is merely a visual aid). The PIS 
20 predictions for the particle size distributions compare well with 
those obtatoed by sievtog and laser diffraction. Figure 13 shows 
the PLS prediction of pulp volume and pulp density compared with 
those values which have teen calculated and rr^asured respectively. 

> ConLlnuoqq Mini™* Eyperlmmt 7 

The batch ball mill of experiments 1-6 was replaced by a continuous 
feed 0.6 m dlarreter x 1.0 m length mill. The grix^ medium was a 
mixture of steel halls ranging in size from 23 to 70 mm. A quartz 
ore was selected for study. 

The experimental strategy was similar to that of the batch 
experiments to that a wide range of mining conditions was 
investigated, this tUae by controlling solid feed and water flow 
rates. Saisples of si 1ir ry were taken at regular intervals for pulp 
density and particle size measurement. Acoustlo data was sampled 
continuously during the operation of the mill. 
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Aooustio data was collected continuously from the ball mill for 
a period of 15.2 hours. At intervals (typically 20 minutes), 
samples of the output stream vera taken for analysis (total 34) . 
For practical r^vsons only one particle size diameter (% under 180 
microns) and -specif io gravity were measured for each sample. 
Changes in milling conditions were effected by altering the feed 
rate of the mineral and the water flow rate. In theee experiments 
it was assured. that the mill operation acted as a perfect mixer. -r\ 
an industrial scale operation it would be necessary to calculate toe 
mill compa-ition from knowledge of the flew rates and partible size 
distribution* of the mill feed and the product, using a suitable 
grinding aim daticn package. 

Figures 14 and 13 illustrate hew particle size and specific 
gravity changed during milling, in these experiments the mill was 
operated over a wide range of conditions to see whether too acoustic 
spectra were influenced by milling parameters in a similar to 
batch acoustic spectra. As expected, this was Indeed the case. For 
example aooustio spectra show similar trands in amplitude and 
frequency to those observed in the bar-;.-, experiments. The dominant 
bands have shifted to lower frequencies 'land 11, IKEz). The second 
peak (bands 19,20) at 150 Hz was rx: Lnflutnoel significantly by 
the milling conditions and was subsequently found to originate in 
the gearbox driving the mill. 

Principal components analysis of the aooustio data reveals 
systematic trends which are very similar to those found in the batch 
experiments. This indicates that the technique is sulUJale for 
monitoring continuous processes. 

The results frcm these experiments show: 

(a) The audio acoustic emission character of a batch or continuous 
mill is dependent en the particle size distribution, the pulp 
density and volume. 

(b) The exact physical relationship between the aooustio emission 
and the milling parameters is complex. An empirical modelling 
approach (PIS) enables the milling parameters to be estimated 
from the acourtlo emissions without the need for a physical 
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model. 

The PIS algorithm is very rapid, being able to oanpute on & 
micro-campater the particle size distribution, pulp density and 
volume in less than a second. The rate detenriinixg step Is the 
time required to obtain the aooustio eaJUseiaa frequency 
distribution, in this oase 10 seconds. Thus the vhole analysis 
process oan provide results fast enough to generate a control 
response. 

There is no fundamental difference between the nature of 
aooustio emission from batch or continuous processes . 
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TABLE 1 

FILTER FREEPBCT ES AND OPERATION OP THTRD OCTAVE FTT.TTO 

The third octave filtering system consists of a hank of teal-pass 
filter*, the centre frequencies being arranged so that there are 3 
filters in each octave. 

The filter centre frequencies (KHz) in each (of 8) octaves are 
tabulated below. 



1 


10.0 


2 


7.93700 


3 


6.29960 


4 


5.0 


5 


3.96850 


6 


3.14960 


7 


2.5 


8 


1.98423 


9 


1.57490 


10 


1.25 


11 


0.99212 


12 


0.78743 


13 


0.625 


14 


0.49606 


13 


0.39373 


16 


0.3125 


17 


0.24803 


18 


0.19786 


19 


0.15623 


20 


0.12402 


21 


0.09843 


22 


0.078125 


23 


0.06201 


24 


0.04921 



The output from each of the band-pass filters la squared and passed 
into an averager. This averager accumulates the data for a 
specified averaging time and passes this data to the computer. 
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TABLE 2 



OQNDITICHS FOR BATCH EXPERIMENTS 1 TO 8 



Expt. 


NO. VI 


Dl 


V2 


D2 


V3 


D3 


V4 


E4 


VS 


D6 


1 


120 


40 


90 


40 


119 


23 


98 


40 


92 


40 


2 


120 


40 


90 


40 


113 


29 


104 


40 


97 


40 


3 


120 


50 


86 


50 


127 


31 


96 


49 


91 


49 


4 


120 


50 


93 


50 


118 


36 


108 


41 


103 


41 


5 


110 


50 


92 


32 






96 


38 


80 


37 


6* 


100 


40 














100 


40 



Dl and D5 are the initial and filial %vol Sand in each experiment 
(D2-D4 are selected intermediate values) VI and V3 are the i^t.^i 
and final percentage of 'optimal volume' of material in the null 
(V2-V4 are selected intermediate values) . 

* constant volume and density throughout the experiment - mm 
rotation speed slower in experiment 6 
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WHAT ^iVE CLAIM IS-.- 



l. A non-Intrusive method for the determination of the value of a 
physical property of the material within a mill during the 
comminution of solid material within the mill characterised by the 
fact that the method comprises the steps of: 
(a) detactU^ the aooustlo frequency distribution of milling by 
means of a sound transducer the output from which 1b an 
analogue electrical signal, the intensity of which la i 
proportional to the intensity of sound received by the i 
transducer in the audio frequency range, h^v' 
00 converting the analogue signal to a digital signal, I ' r 'i ■ 

CO passing the digital signal through a digital band-pass filter 

to select at least two frequency bands, I ; ' 

(d) averaging the power in each band for a specified period of ! ' 
tine, and j. ■ .' . 

(e) analysing the accustlo power In the bands by means of a K u ; " =" 
multivariate statistical technique to obtain the value of the bte* 
property. ! '; :; VT f. 

2. A nethcd according to claim 1 wherein the sound transducer is a ^fe 

microphone . /'■■.< 

3. A method aooording to either of the preceding claims wherein K " " 
the property is the particle size distribution of solid particles, 
the pulp density being milled or the pulp volume during mm^ 

4. A method aooordtog to any one of the preceding clain* herein the 
analogue electrical signal Is amplified. 

5. A method acoordirig to any one of the preceding ^te&w^herein tfe^ {■.JA&Z: 
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analogue electrical s±£ml is jasr^l through a hand-pass filter. 

6. A method according to claim 5 wherein frequencies above lOEHz 
are removed. 

7. A method according to either of claira 3 or 6 wherein 
frequencies below 50 Hz are removed. 

8. A method according to any one of claims 5 to 7 wherein the 
hand-pass filter Is capable of selecting from 2 to 24 desired 
frequency hands. 

9. A method aocordlng to anyone of the preceding claims' wherein the 
multivariate statistical technique is the method of principal 
ocmpcnents analysis, 

10. A method aooording to any one of claims 1 to 8 wherein the 
inultivariate statistical technique is the method of partial least 
squares. 

11. A method according to any one of the preceding claims wherein the 
method is carried out on-line. 

12. A non-intrusive method for the determination of the 
value of a physical property of the material within a 
mill, substantially as herein described with reference 
to any one of the drawings. 
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Acoustic spectra at 0 and 120 mins 
(normalised). 



Key = start 

two hours 



30 1 

a> 

I 25- 
a. 



20- 



Z5 a 

8 ^ 15- 



£ 



10- 
5- 
0 




— 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 

1 2 3 1+ 5 6 7 8 9 10 11 12 13 K 15 16 
(10 KHz) Frequency band (0'3KHz) 

Normalised start and finish spectra from 
Expt.6 highlighting the skewing of spectra 
to higher frequencies during comminution. 
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FIG. 5 



EXPT.1 MILLING CONDITIONS 
Variation of Pulp volume and % Sand. 
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Changes made in pulp volume and pulp 
density during experiment 1. 
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Change in specta during experiment 1. 
Acoustic peak power shifted to higher 
frequencies as the pulp volume was 
decreased. 
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FIG 8 

EXPT. 4 MILLING CONDITIONS 
Variation of Pulp volume and % Sand. 
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Changes made in the pulp volume and 
pulp density during Expt. 4. 
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FIG. 10 
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Principal components plot of acoustic data 
from Batch Milling Experiments (1 to 5). The 
plot illustrates the progressive change in the 
signals during the batch milling experiments. 
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FIG. 11 



PLS- MODEL VALIDATION 
Pulp volume and % Sand (v/v). 

Key: 1 PLS -predicted volume 

2 measured volume 

3 PLS-predicted % sand 

4 measured % sand 
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Comparison of PLS - predicted and measured 
pulp volume and % sand for 10 randomly 
selected test samples. 
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FIG 12 PLS - MODEL VALIDATION 

% under for specified partical diameters. 

Key.- PLS -prediction 250 microns 

measured 250 microns 

PLS -prediction 87-2 microns 

measured 87-2 microns 

PLS -prediction 28-1 microns 

measured 28 *1 microns 

PLS - prediction 10-1 microns 

measured 10-1 microns 

PLS - prediction 3-8 microns 

measured 3-8 microns 
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Comparison of PLS - predicted and measured 
values of particle size (% under by mass) 
for 10 randomly selected test samples. 

THE BRITISH PETROLEUM COMPANY P.L.C. 
By their attorneys 
BALDWIN. SON & CAREY 

a 



F 1 0.13 PLS - MODEL VALIDATION 

% under for specified partical diameters. 

Key: PLS-predicted 125 microns 

measured 125 microns . 

PLS-predicted 53-5 microns 

measured 53-5 microns 

PLS-predicted 167 microns 

measured 167 microns 

PLS-predicted 6-2 microns 

measured 6-2 microns 

PLS-predicted 1-8 microns 

measured 1-8 microns 
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Test Expt.no. 

Comparision of PLS-predicted and 
measured values of particle size (% 
under w/w) for 10 randomly selected 

test samples. the British petroleum company p.l.c. 
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FIG. U 

CONTINUOUS MILLING 
particle size. 

Key : >< % over 180 
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Sample I.D. 

Particle size change (%w/w over 180 microns), 
as measured by seiving, during the continuous 

milling operation. the British petroleum company p.l.c. 
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FIG. 15 

CONTINUOUS MILLING 
specific gravity. 

Key : ■ >< ■ specific gravity 
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Sampling I.D. 

Measured specific gravity change during 
continuous milling operation. 
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FIG. 16 

CONTINUOUS MILLING 
selected acoustic spectra 



Key : sample 10 

sample 19 

sample 27 




1 3 5 7 9 11 13 15 17 19 21 23 
(10KHz) Frequency band (0-05 KHz) 

Change in selected acoustic spectra 
from continuous milling operation. 
Each spectra corresponds to the 
sample ID's (10,19 & 27) shown in 
Figs. 14 &15. 
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